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Rationale: Mass spectrometry imaging of young seedlings is an invaluable tool in
understanding how mutations affect metabolite accumulation in plant development.
However, due to numerous biological considerations, established methods for the
relative quantification of analytes using infrared matrix-assisted laser desorption
electrospray ionization (IR-MALDESI) mass spectrometry imaging are not viable
options. In this study, we report a method for the guantification of auxin-related
compounds using stable-isotope-labelled (SIL) indole-3-acetic acid (I1AA) doped into
agarose substrate.

Methods:

function mutants, and YUC1 gain-of-function line were grown for 3 days in the dark

Wild-type Arabidopsis thaliana seedlings, sur2 and wei8 tar2 loss-of-

in standard growth medium. SIL-IAA was doped into a 1% low-melting-point
agarose gel and seedlings were gently laid on top for IR-MALDESI imaging with
Orbitrap mass spectrometry analysis. Relative quantification was performed post-
acquisition by normalization of auxin-related compounds to SIL-IAA in the agarose.
Amounts of auxin-related compounds were compared between genotypes to
distinguish the effects of the mutations on the accumulation of indolic metabolites
of interest.

Results: 1AA added to agarose was found to remain stable, with repeatability and
abundance features of IAA comparable with those of other compounds used in
other methods for relative quantification in IR-MALDESI analyses. Indole-3-
acetaldoxime was increased in sur2 mutants compared with wild-type and other
mutants. Other auxin-related metabolites were either below the limits of
quantification or successfully quantified but showing little difference among mutants.
Conclusions: Agarose was shown to be an appropriate sampling surface for
IR-MALDESI mass spectrometry imaging of Arabidopsis seedlings. SIL-IAA doping of
agarose was demonstrated as a viable technique for relative quantification of

metabolites in live seedlings or tissues with similar biological considerations.
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1 | INTRODUCTION

Mass spectrometry imaging (MSI) has become a preferred method for
exploring metabolic distributions in their native biological structures,
as a more complete understanding of an organism's biochemistry can
be achieved by visualizing spatial distributions of metabolic
pathways.® There are many viable methods for MSI that vary in
extraction, ionization, and analysis mechanisms.

One of the most commonly used imaging techniques is
matrix-assisted laser desorption/ionization (MALDI) which operates
by using an energy-absorbing matrix to generate ions from
biomolecules.? It is a robust technique that can provide chemical
specificity as well as high spatial resolution.® Nevertheless, it has
inherent disadvantages: it
preparation, matrix peaks dominate the low m/z acquisition range,
and it occurs under vacuum, although there have been methods
developed to remedy some of these drawbacks.*5

some requires significant sample

Since its inception, electrospray ionization (ESI) mass
spectrometry (MS) has been the catalyst for much of the MS work
studying the chemical diversity of complex biological samples by
enabling analysis of small metabolites to large proteins.>® Such
analytical dexterity has made it an invaluable ionization technique
used in a diverse amray of MS methods, most notably as an interface
for liquid chromatography MS. Desorption ESI is one ambient MSI
method that harnesses the benefits of ESL. It extracts secondary ions
from tissues by bombarding the tissue with charged solvent droplets
produced by electrospray, which makes it a soft ionization method
that does not require sample preparation to measure the breadth of
metabolite diversity in the sample.’

Infrared matrix-assisted laser desorption electrospray ionization
(IR-MALDESI) combines many of the benefits of both MALDI and
ESI, while addressing several of the drawbacks associated with
each.’®'* Analogous to MALDI, it is a laser desorption technique, but
it does not require the use of an organic acid matrix, similar to
atmospheric-pressure MALDI.*'? However, it ionizes molecules in an
ESI-like manner, which gives it greater range for measuring the
inherent biology of a sample without matrix artifacts contaminating
the low m/z range. The ionization mechanism is the same as in ESI,
with a significant improvement being the relative ease of absolute
quantification of metabolites in tissue due to the quantitative
removal of a reproducible volume (voxel) of tissue at each location on
the tissue. Fundamentally, IR-MALDESI ablates neutral material using
a mid-IR laser (A =2940nm), which resonantly excites the O—H
stretching mode of water endogenous to the sample or exogenously
applied as an ice matrix.}® Molecules are desorbed largely as neutrals
that partition into charged droplets produced by ESI and are
subsequently ionized in an ESI-like fashion. The ions are then
analyzed in a Q Exactive Plus mass spectrometer (Thermo Scientific,
San Jose, CA, USA) with high-resolution accurate mass, which is the
primary approach for putative metabolite identifications from
complex samples in IR-MALDESI MSIL The instrument is fully
synchronized with ion generation from each voxel of ablated tissue.**
Previous studies have worked towards a better understanding of the

mechanisms of IR-MALDESI'®*¢ and to develop methods that
provide the analytical thoroughness necessary to enable meaningful
biological conclusions for the analysis of mammalian tissues.””
Recently IR-MALDESI has been applied to plant tissues, which
have many different inherent sampling challenges from mammalian
tissues.’® IR-MALDESI has proved to be a highly effective method
for the analysis of a diverse range of plant tissues!®?' Each of
specific fundamental
guestions. Naturally, quantification is the next step towards

these experiments answered biological

providing plant metabolite analysis with the analytical rigor applied
to other sample types.t”%2

In the study reported here, we developed a method for relative
quantification of Arabidopsis thaliana metabolites in dark-grown
seedlings. There were numerous sample-specific considerations and
challenges that had to be met before biological conclusions could be
drawn. Eventually, relative quantification was achieved through
normalization to a standard internal to the agarose sampling surface.
This method provides the analytical rigor necessary to afford
biological insights into live plant tissues, specifically, Arabidopsis
seedlings. Furthermore, changes in key metabolites in the auxin
pathway due to mutations were examined in dark-grown Arabidopsis
seedlings while maintaining sample integrity.

2 | MATERIALS AND METHODS

2.1 | Growing Arabidopsis thaliana seedlings

All Arabidopsis lines employed in this study are in Columbia
background: wild-type (WT) Col-0, sur2,?® wei8 tar2,?* and YUC1
overexpression (0x).2° Seeds were surface-sterilized for 10min with
50% commercial bleach (spiked with Triton at one drop per 100 mL)
and washed three to four times with sterile deionized water. Seeds
were resuspended in sterile, pre-cooled 0.7% top low-melting-point
agarose (60 pL per ca 100 seeds) and plated on the surface of an AT
plate (1xMS salts, 1% sucrose, pH 6.0 with 1M KOH, 0.7% Difco
bactoagar) sector, up to eight lines per plate. After stratifying the
plated seeds at 4°C for 3 days, the plates were exposed to ambient
light for 1-2h, wrapped with aluminium foil, and incubated
horizontally at 22°C in the dark for 3 days. The plates were
unwrapped, and the individual seedlings were picked with fine-
pointed forceps, laid on the surface of pre-cooled stable-isotope-
labelled (SIL) indole-3-acetic acid (IAA)-supplemented agarose glass
slides, and imaged immediately.

2.2 | SIL doping of agarose

1AA (Sigma-Aldrich, St Louis, MO, USA) was doped into agarose before
SIL-IAA to ensure that agarose could be effectively analyzed.
Phenyl-3C,, 99% SIL-IAA from Cambridge Isotope Laboratories Inc.
(Tewksbury, MA, USA) was doped into HS molecular biology-grade
agarose (Denville Scientific Inc, Swedesboro, NJ, USA). IAA and
SIL-IAA peaks were identified and resolved to ensure normalization



BAGLEY et AL.

Rapid | 30f7

was possible (Figure S1, supporting information). Both types of 1AA
were dissolved in 95% EtOH at 10 mM concentration and stored in
the dark at 4°C. A 1% agarose solution was made using deionized
water. A microwave oven was used to heat the agarose in a
15-50mL Falcon tube (Fisher Scientific, Waltham, MA, USA) until
boiling, to dissolve the agarose powder. As the agarose cooled to
45-50°C, the SIL-IAA was added to the solution for a concentration
of 1mM and the mix was poured onto a microscope slide (1 mL
agarose per standard glass slide spread thinly using a pipette),
allowed to solidify away from light and heat, and used on the same day.

2.3 | IR-MALDESI imaging source

The IR-MALDESI source has been described in depth elsewhere. ****
A mid-IR Opotek IR Opolette 2371 laser (Carlsbad, CA, USA)
resonantly excited the O—H stretching mode of endogenous water
in a dark-grown seedling at 2940nm. The ESI plume was 50:50
MeOH:H,O with 1mM acetic acid (al: Optima®, Fisher Chemical,
Fair Lawn, NJ, USA) at a flow rate of 1 pL/min. The QE Plus hybrid
quadrupole-orbitrap mass spectrometer employed in this study was
fully synchronized with ion generation from laser desorption of a
given voxel* The laser was fired with one pulse with a fixed
injection time (IT) of 25 ms. The spot size for laser ablation was ca
100um and this was also used as the step size between shots,
providing a spatial resolution of 100pum. Lock masses (positive
polarity: m/z 359.3156, 371.1012, 391.2843) were employed to
achieve low parts per million (ppm) mass accuracy. lons in the m/z
150-600 range were analyzed with 140000 resolving power
(FWHM, m/z 200). Glass slides covered with agarose were placed on
a Peltier cooled stage, which was set to -2°C for the duration of
experiments. The mounted stage was controlled in XY dimensions
using a computer controller.

24 | Data acquisition and analysis

The sample images were acquired by moving each sample under
the laser and mass spectrometer inlet while synchronizing laser
firing and mass spectrometer data acquisition. In-house-built
software was used to define the sampling area, control the imaging
process, and save the metadata required for constructing the
molecular images. Instrument RAW files were converted to mzML
using MSConvert?®?” and then from mzML to imzML using the
mzMLConverter?® Image generation and further analysis were
performed using MSiReader (version 1.01).2%3°

3 | RESULTS AND DISCUSSION

3.1 | Auxin pathways and knockout mutations

The biosynthetic pathway for plant hormone auxin shares
intermediates with the biosynthesis of a group of defense

compounds known as indole glucosinolates (IGs). Figure 1 depicts
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FIGURE1 A model of interconnected auxin biosynthesis and indole
glucosinolate biosynthesis pathways in Arabidopsis. Amino acid
tryptophan is converted into plant hormone auxin, indole-3-acetic
acid, predominantly via the indole-3-pyruvic acid route (bold), but
other putative routes have been postulated. Defense compounds
indole glucosinolates are synthesized from a derivative of tryptophan,
indole-3-acetaldoxime, and may also feed into the auxin pathway.
Loss-of-function mutations wei8 tar2 and sur2 (red, lower case) disrupt
auxin and indole glucosinolate biosynthesis, respectively, and
accordingly lead to auxin deficit versus overproduction.
Overexpression of YUC1 also leads to extra auxin being made due to
the increased flow through the indole-3-pyruvic acid route, leading to
a high-auxin phenotype similar to that of sur2 null mutants [Color
figure can be viewed at wileyonlinelibrary.com)

the current view of the tryptophan-dependent auxin biosynthesis
pathway and shows its connection with the IG branch of secondary
metabolism. Loss-of-function mutants wei8 tar2 and sur2 inactivate
auxin production and |G biosynthesis, respectively, and consequently
lead to IAA deficiency versus excess synthesis. Loss-of-tryptophan
aminotransferases WEI8 and TAR2, the key enzymes in the indole-
3-pyruvic acid (IPyA) route of auxin synthesis, are characterized
by reduction in the levels of both IPyA and IAA2?* Loss of the
cytochrome P450 SUR2, an enzyme that channels indole-3-
acetaldoxime (IAOx), a shared intermediate between the auxin
and the IG biosynthetic pathways, into the production of IGs, is
accompanied by IAOx hyperaccumulation?® with some of 1AOx
re-routed to the biosynthesis of IAA. Finally, gain-of-function of
YUC1, a gene that encodes a rate-limiting flavin-containing
monooxygenase in the IPyA branch of auxin biosynthesis, enhances
the flow of metabolites through the IPyA route by increasing YUC1
transcript levels and thus also leads to auxin a\.rerpron:!uctic;n.25 In
this work, we interrogated the following metabolites: tryptophan
(Trp), IAOx, indole-3-acetamide (IAM), indole-3-acetonitrile (IAN),
IGs, IPyA, indole-3-butyric acid (IBA), arginine (Arg), sucrose, and 1AA
(Figure S2, supporting information).

3.2 | IR-MALDESI sampling development

A. thaliana seedlings proved to be a major challenge for MSI analysis.
In order for true biological conclusions to be drawn, there were
many steps taken to preserve the biological integrity of samples
during IR-MALDESI MSI analysis. These steps are summarized in
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Figure 2. Without a new source of moisture, tiny seedlings dry out
quickly once they are removed from their growth medium. As such,
there needed to be some way to keep them hydrated and alive
while allowing for rapid sampling. The moisture issue was solved by
sampling specimens from fresh agarose gel that kept them
immobilized but moist. It also allowed for decreasing sample analysis
time as the curvy seedlings were straightened out when positioned
on the surface of the gel, thus requiring a smaller analysis region. In
addition, in order to keep the live specimens as fresh as possible,
they needed to be kept cool as rising temperatures would result in
metabolite changes. However, time constraints and the agarose did
not allow for freezing, so the Peltier-cooled stage was kept at
around -2°C for the duration of the analysis. The seedlings are also
small in diameter, about 50 um at the smallest dimension. A slight
oversampling strategy was employed to ensure that the seedlings
were fully ablated and did not slip between the edges of ablation
profiles of neighboring laser shots.

There were also challenges associated with analyzing the auxin
pathway metabolites. All of the compounds of interest fell in a
space (m/z 150-600; supporting
information) and were present at low levels, resulting in inconsistent

complex m/z Figure S3,
analysis. Due to physical agarose contamination and/or biological
variation, abundance values could not be directly compared across or
even within genotypes. SIL-IAA was used to solve issues surrounding
quantification, and MS/MS was used to ensure the identity of
selected ions by comparing their fragmentation patterns with those
of standards and literature sources (Figures S4-56, supporting
information).*

3.3 | Relative quantification method development

IAA was analyzed for consistency with results obtained using
previously established methods of relative quantification.’” For
these methods to be adapted for IAA quantification, four
parameters were evaluated relative to previous methods. These
were: (1) presence of the metabolite in every scan, (2) mean ion
current values consistently above limits of detection, (3) standard

+ Low abundance

« Complex m/z space

« Biological vanation

+ Relative quantification
+ Agarose contamination

Metabolites

Specimen InSoR

+ Moisture loss
+ Rapid sampling
+ Temperature fluctuation

Preservation

FIGURE 2 Practical concerns in seedling analysis with proposed
solutions listed in the red semicdircles. Oversampling, dimensions of
analysis, and agarose doping steps are further illustrated elsewhere
(Figures S7 and S8, supporting information) [Color figure can be
viewed at wileyonlinelibrary.com]

deviation, and (4) relative standard deviation (RSD) that was less
than 50% and closer to ca 30%, as found using previous methods.
lon current is defined here and throughout as the raw intensity
values multiplied by IT (IT=25ms).** Using those parameters, the
best concentrations of I1AA for stability during laser ablation were
1 and 5mM, visualized in Figure 3. The optimal concentration of
IAA was 1 mM, because it was the lowest concentration that met all
requirements, with no additional benefits associated with higher
concentrations. However, this concentration is probably four to five
of magnitude higher than the biologically
concentration in wild-type Arabidopsis seedlings (ca 50-300nM).32
When IAA was spiked in at 1mM, the RSD fell to 23% on average,
which was comparable with that of previous relative quantification
methods. For concentrations below 100puM, IAA could not be
reliably detected.

In Figure 4, a total of 12 seedlings are shown gently stretched on

orders relevant

agarose and analyzed in positive ion mode. SIL-IAA (Figure 4A) is
shown to maintain the same ion abundance patterns as off-tissue
agarose, demonstrating that it increases with increased agarose
This was expected, but
nonetheless important to illustrate that it could be used to normalize

sampling (i.e, off-tissue sampling).
related compounds found in the seedlings. The same abundance
trends for total ion current for each scan were also reflected in
SIL-IAA (Figure 4B). This provides metabolite normalization for inter-
sample (between samples) variability.3*3% By reflecting intra-sample
(within one sample) technical variability, SIL-IAA doped into agarose
can be a viable intra-sample and inter-sample quantification
compound. Inter-sample relative gquantification can be achieved

IAA Conc IAA: 176.0706 m/z [M+H*]*
(™) |
100 nM 1.75e5
1pM
¥ 1.25e5 §
10pM E
100 uyM 7.5¢4 ,§_
. 2.504

1
5mM | R i 2 -
26% RSD
Mean: 177659
StdDev: 45913
94691, 313145

/" 25% RSD
Mean: 167107
StdDev: 42320
98084, 309174

e .. !

| 26% RSD
Mean: 189425
StdDev: 49365
115442, 314483

FIGURE 3 Variability characteristics of I1AA doped into agarose gel
(Figure S7, supporting information). Three replicate 100-voxel
squares were analyzed in different locations of each gel made at the
IAA concentration listed on the left. The purple boxes highlight those
voxels as the basis for statistical analysis. Mean, standard deviation
(StdDev), RSD, and range (X, Y) were recorded for each concentration
listed on the side of the image. Each concentration is imaged on the
same ion current scale. At 100 nM and 1 uM, IAA was undetectable
(ion current: 0). From 10 uM to 100 puM, the ion current was low:
0-1200 and not stable (RSD: 318-1603%). However, at both 1 mM
and 5 mM, the IAA signal was consistent with characteristics of SIL
compounds sprayed on slides beneath tissues [Color figure can be
viewed at wileyonlinelibrary.com)
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FIGURE 4 lon abundance of SIL-IAA and agarose. A, SIL-IAA has the same ion abundance patterns with off-tissue agarose. B, The
technical variability within each run by plotting the total ion current (TIC) for each voxel. C, The samples analyzed. From left (1) to right (12):

1, sur2 - control; 2, WT - SIL; 3, WT - SIL; 4, WT - SIL; 5, sur2 - SIL; 6, sur2 - SIL; 7, sur2 - SIL; 8, wei8 tar2 - SIL; 9, wei8 tar2 - SIL; 10, YUC1
ox - SIL; 11, YUC1 ox - SIL; 12, YUC1 ox - SIL [Color figure can be viewed at wileyonlinelibrary.com]

because the same concentration of SIL-IAA is doped into the agarose Figure 5 shows that the normalization of I1AA-related compounds
for each sample. Each of these characteristics is necessary for a to SIL-IAA effectively serves to enhance the images and to provide
rigorous quantification strategy. relative quantification. Some of the compounds are not related to

sur2| WT | sur2 | w8t2 | yuct

Indole-3-acetaldoxime (IAOx)
Sucrose or Indole-3-Acetamide (IAM)

A) Arginine m/z175.1189 *. + %
) g i C) [M+H*-H,0]* m/z 325.1135 ioi E) miz 175.0866 Yk
... g g
16.6e3 (900 o 750
< g =
2.2e3 300 & 250 ™
Sucrose IAOx or IAM

D) [M+H*-H,0]'/ SIL-IAA m/z 175.0866

0.2 0.020 0.05
g 2 g
0.12"9‘ 10.012 E 0.03 ‘0';
5 T r
i:Ltl-ig 0.004 ; 0.01 ;
& Tryptophan 0 Tryptophan Indole-3-butyric acid (IBA)
M+H*]* m/z 205.0972 M+H*-H,0]* m/z 187.0871
) 1 625 [ ,0] 1000 . m/z 204.1019 575
g ) g
= 3
i 375 o 1600 O | 525 3
£ c &
3 3 5
2 2 g
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M+H*T*/ SIL-IAA ,0]" / SIL-IAA
0.03 0.03 0.02
=
2 g 3
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@ (2] @
r T T
0.006 ; 0.006 ; 0.004 g

FIGURE 5 Selected images demonstrate analysis of putative plant-produced metabolites that illuminate the seedling (A, B: arginine [M+ H']"; C,
D: sucrose [M +H* - H20]") and putative 1AA-related metabolites (E, F: IAOx or IAM [M +H']*; G, H: tryptophan [M+ H*]"; |, J: tryptophan [M
+H* - H20]"; K, L: indole-3-butyric acid [M +H"']*). A-D demonstrate the visual improvements made due to normalization and E-L show visual
improvements and relative quantification for the molecules similar in structure to SIL-1AA [Color figure can be viewed at wileyonlinelibrary.com)
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IAA, and as such the images can be normalized to result in better
visualization of the seedlings, but no quantification can be achieved.
Several compounds contain similar/identical core structures, which
means that both normalization and quantification can be achieved as
compounds similar in structure are likely to maintain the same
ionization characteristics. 3¢

Several IAA- and tryptophan-related metabolites were analyzed
and quantified. We were able to distinguish between WT and sur2
seedlings based on the IAOx/IAM abundances being much higher in
sur2 than in WT, consistent with the defect of this mutant in
metabolizing IAOx (Figure 1) and in agreement with a previous
report on the sur?2 knockout demonstrating three-orders-of-
magnitude higher accumulation of IAOx than wild-type plants.®? In
contrast, IBA, Tmp, and Arg did not demonstrate significant
differences between mutants and WT.

4 | CONCLUSIONS

A new method of relative quantification for the IR-MALDESI MSI of
plants has been developed. Its performance was comparable with
those of previously vetted methods of relative quantification used
in the analysis of other sample types. In summary, agarose gel was
demonstrated to be an appropriate sampling substrate for live
plant specimens that must be kept moist and immobilized during
analysis using IR-MALDESI. Furthermore, SIL-IAA was doped into
the agarose gel and provided quantification by off-tissue
normalization. Using this quantification strategy, sur2 mutant and
WT seedlings of Arabidopsis thaliana were distinguished in their
accumulation of IAOx normalized to SIL-IAA. Future MSI studies of
live plant tissues can now rely on this method for metabolite
guantification without sacrificing the biological integrity of tissue
samples.
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